Abstract Turbulent humidity fluctuations in the convective boundary layer (CBL) under clear-sky conditions were investigated by deriving moments up to fourth-order. Highresolution humidity measurements were collected with a water vapour differential absorption lidar system during the HD(CP) 2 Observational Prototype Experiment (HOPE). Two cases, both representing a well-developed CBL around local noon, are discussed. While the first case (from the intensive observation period (IOP) 5 on 20 April 2013) compares well with what is considered typical CBL behaviour, the second case (from IOP 6 on 24 April 2013) shows a number of non-typical characteristics. Both cases show similar capping inversions and wind shear across the CBL top. However, a major difference between both cases is the advection of a humid layer above the CBL top during IOP 6. While the variance profile of IOP 5 shows a maximum at the interfacial layer, two variance peaks are observed near the CBL top for IOP 6. A marked difference can also be seen in the third-order moment and skewness profiles: while both are negative (positive) below (above) the CBL top for IOP 5, the structure is more complex for IOP 6. Kurtosis is about three for IOP 5, whereas for IOP 6, the distribution is slightly platykurtic. We believe that the entrainment of an elevated moist layer into the CBL is responsible for the unusual findings for IOP 6, which suggests that it is important to consider the structure of residual humidity layers entrained into the CBL.
Introduction
Turbulence is responsible for the vertical transport of heat and moisture in the convective boundary layer (CBL). The fluxes of heat and moisture have been investigated quite exten-B Shravan Kumar Muppa shravan.muppa@uni-hohenheim.de 1 Institute of Physics and Meteorology, University of Hohenheim, Garbenstrasse 30, 70599 Stuttgart, Germany sively in the surface layer near the ground (Stull 1988) , but remain poorly understood in the upper part of the CBL and especially at the interface of the CBL and the free troposphere, the so-called interfacial layer, where turbulent fluctuations are greatest due to entrainment (Kaimal et al. 1976 ). An adequate representation of the thermodynamic structure of the CBL in atmospheric models is critical; moisture transport across the CBL influences not only the formation of fair-weather cumuli (Zhu and Albrecht 2002) but also the initiation of deep convection and flash floods (Weckwerth 2000; Behrendt et al. 2011; Corsmeier et al. 2011; Stevens and Bony 2013) . Consequently, several large international experiments aimed at a better understanding of the humidity field in the CBL have been carried out, e.g. the Mesoscale Alpine Program for high mountains during the 1990s (Richard et al. 2007) ; the International H 2 O Project (IHOP_2002) in 2002 (Weckwerth et al. 2004) , and the Convective and Orographically-induced Precipitation Study (COPS) in 2007 . Recently, the High Definition Clouds and Precipitation for advancing Climate Prediction (HD(CP) 2 ) project was initiated in Germany, which has a goal to investigate whether the simulation of clouds and precipitation can be improved by finer grid increments of the order of 1 km or less (see www.hdcp2.eu). The HD(CP) 2 Observation Prototype Experiment (HOPE), conducted in spring 2013, was dedicated to providing high resolution datasets of meteorological variables at the subgrid scale that are subject to parametrizations in the high resolution models of HD(CP) 2 .
Studies based on large-eddy simulation (LES) have been widely used to investigate the characteristics of turbulence in the CBL (Deardorff 1974; Deardorff et al. 1980; Wyngaard and Brost 1984; Moeng and Wyngaard 1984; Sorbjan 1996 Sorbjan , 1999 Sorbjan , 2006 Sullivan et al. 1998 ). For improved turbulence parametrization schemes, general scaling relationships between the higher-order moments of temperature and humidity fluctuations in the CBL and their vertical gradients in the interfacial layer need to be investigated (Sorbjan 2005; Wulfmeyer et al. 2015) . However, present LES studies show a significant uncertainty in their results due to processes at the subgrid scale (Stevens and Lenschow 2001; Zhou et al. 2014 ). Sullivan and Patton (2011) have shown that turbulent eddies in the middle of the CBL can be resolved with horizontal and vertical grid lengths of 25 m, but there are still significant challenges in modelling the entrainment zone where an even higher resolution is required. This underlines the importance of validating the LES results with corresponding measurements. Vertical motions and their effect on the entrainment in the CBL have been investigated (Hogan et al. 2009; Lenschow et al. 2012 ), but studies focusing on water vapour exchange at the CBL top are sparse. Recently, Moeng and Arakawa (2012) highlighted the importance of moisture transport at the subgrid scale in the planetary boundary layer (PBL) with respect to cloudresolving models.
Earlier observations of the humidity structure in the CBL were mainly based on aircraft in situ data and radiosondes. The latter provide a snapshot of the CBL profile and thus do not capture the mean profiles needed for comparisons with models (Weckwerth et al. 1996) nor can they provide information on turbulent fluctuations. The characteristics of humidity fluctuations in the CBL have been studied using in situ measurements (Mahrt 1976 (Mahrt , 1991 Lenschow et al. 1994 ) and active remote sensing techniques, particularly water vapour differential absorption lidar (DIAL) (Kiemle et al. 1997; Wulfmeyer 1999a, b; Giez et al. 1999; Behrendt et al. 2011 ) and water vapour Raman lidar Turner et al. 2014) . Airborne measurements reveal spatially-averaged properties of the CBL but only at low vertical resolution. Furthermore, the operation of research aircraft is expensive and simultaneous observations at all heights in the CBL are not possible. Remote sensing techniques overcome these limitations and cover larger ranges simultaneously and continuously. Monitoring moisture fluctuations with high resolution for turbulence studies is a challenging task due to the noise limitation of these instruments; nevertheless, new techniques based on lidar are capable of providing data with sufficient precision and accuracy Wulfmeyer et al. 2010 Wulfmeyer et al. , 2015 . Couvreux et al. (2005) compared the results of airborne water vapour DIAL measurements from the IHOP campaign with LES for a growing CBL. They found in both observations and LES that dry downdrafts entrained from above the CBL govern the integral scale of moisture variability in the CBL. Later, this study was further extended to the analysis of skewness profiles (Couvreux et al. 2007) , showing that dry tongues contribute significantly to the turbulent transport from the top of the CBL into its interior. Wind shear at the interfacial layer also plays an important role in the dynamics and growth of the CBL (Conzemius and Fedorovich 2006; Sorbjan 2006; Fedorovich and Conzemius 2008; Wulfmeyer et al. 2015) . However, the role of wind shear on the profile of humidity variance and skewness in the CBL has so far not been investigated in detail. Furthermore, there are only a few studies discussing the influence of elevated dry and moist layers on the turbulent humidity fluctuations and their statistics. Van Heerwaarden et al. (2009) underlined the importance of accurate moisture profiles to properly represent dry air entrainment for understanding cloud formation under moist and dry tropospheric conditions. Recently, Bennett et al. (2010) investigated the vertical and horizontal distributions of humidity in the nocturnal boundary layer (NBL), as well as the evolution and growth of the CBL during the formation of open-cell convection. They found that the advection of drier air into the region resulted in a humidity minimum in the middle and a peak at the top of the residual layer. Grossman and Gamage (1995) observed similar drying in the lower part of the mixed layer and moistening at the top, when an elevated mixed layer was entrained into the CBL. In the current study, we use high-resolution observations to investigate the role of turbulent processes in the CBL humidity structure during such cases.
We present results obtained with recent data from our ground-based, scanning water vapour DIAL system (Wagner et al. 2013 ). Whereas it is also possible to derive higher-order moments with water vapour Raman lidar, Wulfmeyer et al. (2010) and Turner et al. (2014) demonstrated that the noise level in daytime turbulence profiles is much larger than for water vapour DIAL. Therefore, water vapour Raman lidar turbulence profiles are strongly limited to measurements of third-and fourth-order moments. Our water vapour DIAL uses a high power laser and a very efficient receiver that yields high-resolution data with low noise in the CBL including the interfacial layer. For the two CBL cases presented, turbulent moments were derived from water vapour DIAL data, including reliable skewness, fourth-order, and kurtosis profiles. We further discuss the effect of boundary-layer height, entrainment zone thickness, humidity gradient across the CBL top, and surface latent heat fluxes on the humidity variance profile in the CBL. This paper is structured as follows. In Sect. 2, we provide a short description of the measurement campaign HOPE, with details of the DIAL system used for the measurements and the properties important for the retrieval of absolute humidity from DIAL given in Sect. 3. A detailed overview of meteorological conditions during the two intensive observation periods (IOPs) selected is given in Sect. 4. The case studies presented here focus on a welldeveloped CBL under different forcing conditions. Section 5 describes the methodology for deriving the higher-order moments and in Sect. 6, higher-order moments such as the variance, skewness, and kurtosis are presented for both cases. Our findings are compared with previous studies based on observations and LES and are discussed in Sect. 7. Finally, the results are summarized in Sect. 8.
The HOPE Campaign
A new model for high-resolution weather forecasts will be developed and verified in the HD(CP) 2 project. The main aim of the HOPE campaign was to collect high-resolution datasets that will be used for the HD(CP) 2 model initialization and output evaluation. The Institute of Physics and Meteorology (IPM) of University of Hohenheim (UHOH) operated its water vapour DIAL system at a site close to the village of Hambach near the research centre Jülich, Germany, at 50 • 53 50.56 N, 6 • 27 50.39 E, 110 m above sea level. In addition to the DIAL, IPM used a rotational Raman lidar for temperature measurements Behrendt et al. 2015) and the Karlsruhe Institute of Technology (KIT) operated its KITcube (Kalthoff et al. 2013) , a suite of instruments including a Doppler lidar (Träumner et al. 2014) , at the same site. Radiosondes were launched at this site regularly at 1100 and 2300 UTC during the HOPE campaign and more often during IOPs. In addition to the so-called supersite near Hambach, there were two more supersites in the HOPE area forming a triangle of about 4-km side length, but none of the other sites was equipped with a water vapour DIAL.
The UHOH Water Vapour DIAL System
The water vapour DIAL system is a unique remote sensing tool for deriving absolute humidity profiles with high temporal and spatial resolution in the lower troposphere (Wulfmeyer and Bösenberg 1998) . During the HOPE campaign, the DIAL system was operated in the vertical steering mode during clear sky conditions and in scanning mode during cloudy periods. In total, the instrument collected 180 h of data during 18 IOP days with the focus on water vapour in the CBL. A detailed description of the UHOH DIAL system set-up during HOPE and the derivation of water vapour profiles is given in Späth et al. (2015) . The operational wavelength of the UHOH DIAL is around 818 nm, and the backscatter signals were recorded for each laser shot (250 Hz) with a range resolution of 15 m up to a range of 30 km. The laser transmitter was switched in each shot between the online and offline frequencies. The measured absolute humidity has typical temporal and spatial resolutions of 1 s to 1 min and 15 to 300 m, respectively, depending on the range of interest. Due to the instrument's high laser power (about 2 W) in combination with a very efficient receiver (0.8-m telescope), the data have low noise errors up to the CBL top.
For the derivation of absolute humidity profiles, the following DIAL system and atmospheric properties are important: (1) the laser spectral properties with respect to frequency stability, bandwidth, and spectral purity, (2) the profile of the water vapour absorption cross-section, (3) the temporal variability of the aerosol backscatter coefficient between the online and offline laser pulses, and (4) the Rayleigh-Doppler effect (Ansmann 1985) .
All these issues have been taken into account in our system design and methodology to derive accurate humidity profiles including a detailed error analysis. Concerning (1), the laser transmitter is based on an injection-seeding technology. Wagner et al. (2013) demonstrated that the UHOH DIAL transmitter has excellent spectral properties so that remaining systematic errors are <3 % throughout the troposphere. With respect to (2), detailed sensitivity analyses of systematic errors in the derivation of the absorption cross-section profile led to an error <1.3 % (with uncertainties of 1 K in temperature and 1 hPa in pressure, respectively) for measurements in the lower troposphere. Tackling issue (3), the delay between the online and the offline laser pulses was 4 ms, which leads to an air volume displacement of only 40 mm at a horizontal wind speed of 10 m s −1 . Thus, considering the typical size of an eddy of several tens of m and a beam radius of 0.35 m at a height of 500 m above ground level, the 10-s averages of online and offline backscatter coefficients are virtually the same. Therefore, systematic errors in the derivation of absolute humidity profiles due to (3) are negligible. The backscatter profiles were used to determine the instantaneous CBL top height with the Haar wavelet technique (Davis et al. 2000; . Its average over the measurement period is an excellent approximation for the mean CBL top height (z i ), which was used for normalizing the height of the turbulence profiles.
With respect to (4), great care has to be taken in the analysis of water vapour DIAL measurements due to Rayleigh-Doppler broadening of the backscattered signal. This effect needs to be considered at height levels where strong gradients in the aerosol backscatter data may be present such as the CBL top or aerosol layers in the free troposphere (Ansmann and Bösenberg 1987; Ismail and Browell 1989) . The Rayleigh-Doppler effect can be investigated and corrected with a derived particle backscatter coefficient profile (Fernald 1984) and by determining the Rayleigh-Doppler term in the DIAL equation. With our system set-up, where the online frequency of the water vapour DIAL laser transmitter was tuned at the wing of the water vapour line, the evaluation of the Rayleigh-Doppler term shows a negative correction with a backscatter gradient on the order of 0.4 g m −3 (corresponding to a relative correction of about 7 %). At first glance, this may lead to the conclusion that the Rayleigh-Doppler correction is negligible. However, it was found that this correction needs to be applied for accurate profiling of higher-order moments, particularly in the interfacial layer, due to the non-linearity of the correction in the region of the backscatter gradient. Thus, we applied the Rayleigh-Doppler correction to all derivations of water vapour profiles and performed a thorough sensitivity analysis with respect to remaining errors due to the Rayleigh-Doppler correction. For this purpose, we varied the parameters used for deriving the particle backscatter profiles between 20 and 40 sr for the lidar ratio and 0-10 −8 m −1 sr −1 for the initialization of the inversion at a height of 2700 m. We found that the effect of these variations is negligible, e.g. the difference in the derivation of the absolute humidity profiles was <0.01 g m −3 .
A window length of 135 m was used for the Savitzky-Golay (SaGo) algorithm (Savitzky and Golay 1964) when deriving absolute humidity from the UHOH DIAL data. For all turbulence analyses, we used a temporal resolution of 10 s, corresponding to 1250 online and offline laser shots, respectively. The high accuracy of our measurements was also confirmed by several intercomparison campaigns. An extensive comparison between the UHOH water vapour DIAL and six other water vapour lidar systems was performed by Bhawar et al. 2011 during the COPS project, who found a mean bias of 1.4 % for the UHOH water vapour DIAL.
Meteorological Conditions

Case 1: IOP 5, 20 April 2013
For IOP 5, the HOPE domain was in the transition region between an anticyclone with its centre located over the Baltic Sea along the coast of the Netherlands to the south-west and a cold front over the Alps to the south-east. An upper-air warm front was observed to the north. Figure 1 shows the European Centre for Medium-Range Weather Forecasting (ECMWF) reanalysis data at 850 hPa for specific humidity and the horizontal wind vector during both IOPs. For IOP 5, specific humidity at 850 hPa over the measurement site was relatively low and very dry air was advected into the region. Figure 2a shows the particle backscatter coefficient profiles measured with DIAL between 1130 and 1330 UTC for IOP 5. The free troposphere was mainly clear with only very weak aerosol layers; higher aerosol content was found in the CBL. The period from 1130 to 1330 UTC was selected for the analysis of the higher-order moments and includes local noon at 1134 UTC. The CBL was well developed and became quasi-stationary. Absolute humidity along with the instantaneous CBL top height during the selected period are shown in Fig. 2b . Absolute humidity was around 3.5 g m −3 in the CBL at 1130 UTC and then decreased to about 3 g m −3 by 1330 UTC. This drying was due to a combination of entrainment of drier air into the CBL and vertical transport of moisture by thermals. The mean of the instantaneous CBL top heights over the selected period, z i , was 1295 m with a standard deviation of 86 m; the smallest and largest values of the instantaneous CBL heights were 1110 and 1470 m, respectively. We later used the z i for normalizing the height scales. The mean entrainment zone thickness (EZT) is estimated using the cumulative frequency distribution of the instantaneous CBL top height . The mean EZT during the period was 73 m. Latent and sensible heat fluxes at the surface were 100 and 255 W m −2 during the period selected for the higher-order moment analysis. 
Case 2: IOP 6, 24 April 2013
The HOPE domain was under the influence of an anticyclone located over central Europe during IOP 6. The ECMWF 850-hPa specific humidity indicates that moist air was advected from the south-west towards the measurement site (Fig. 1b) . Figure 3a shows the UHOH DIAL particle backscatter coefficient for the period from 1100 to 1200 UTC for IOP 6 (same resolutions as Fig. 2a ). The CBL was well developed by 1000 UTC, with an elevated aerosol layer found above the CBL top around 1400 m. We selected the period from 1100 to 1200 UTC around local noon for the analysis of higher-order moments. Figure 3b shows the UHOH DIAL absolute humidity during this period, with values in the CBL around 7 g m −3 , almost twice as high as for IOP 5. The absolute humidity in the lower free troposphere was around 3.5 g m −3 , i.e. much higher than for IOP 5. A dry layer was present at 1100-1200 m around 0900 UTC, with a moist layer above it (1200-1400 m). As the CBL developed, these layers were entrained into the CBL by 1100 UTC. A humidity minimum was found below the CBL top, with humidity increasing above it, similar to observations of 50 S. K. Muppa et al. Bennett et al. (2010) where an elevated mixed layer was entrained into the growing CBL during the morning transition period. The mean height of the mixed layer during the selected period was 1200 m with a standard deviation of 39 m and minimum and maximum values of 1125 and 1275 m, respectively. The mean EZT during this period was 36 m. Accordingly, the CBL top was about 100 m lower than for IOP 5 and the spread of the instantaneous CBL top heights was reduced by a factor of two. Sensible heat flux (192 W m −2 ) was lower and latent heat flux (255 W m −2 ) was higher for IOP 6 when compared to IOP 5. Figure 4 shows profiles of various meteorological parameters from radiosoundings launched at the measurement site for IOP 5 at 1300 UTC and for IOP 6 at 1100 UTC. The heights of occurrence of large gradients in the potential temperature and humidity profiles from the radiosondes agree roughly with the z i values. It should be noted that the radiosonde profiles were measured at specific times while the lidar-derived z i values are averages over our analysis periods. The characteristics of the two IOP days are summarized in Table 1 Units are given in brackets θ v profiles of both IOPs show a similar strong capping inversion at z i of around 4 and 5 K for IOP 5 and 6, respectively. Mixing ratio in the CBL was higher for IOP 6 (6.3 g kg −1 ) than for IOP 5 (2.6 g kg −1 ). For IOP 6, a small peak was observed in the mixing ratio profile in the interfacial layer by the radiosonde. The prevailing flow was mainly from the north-east at the surface and veered to the east at the CBL top for IOP 5. At z i , an increase of 4 m s −1 in wind speed and a 50 • shift in wind direction was found. For IOP 6, the wind speed was lower (4 − 6 m s −1 ) in the CBL and a sharp increase to about 10 m s −1 was observed at z i .
Radiosoundings
Methodology: Turbulence Analyses
Higher-order moments of remote sensing water vapour fluctuation data are an important characteristic of the turbulent structure of the CBL (Wulfmeyer 1999a, b; Kiemle et al. 1997) . Lenschow et al. (2000) introduced a procedure for the estimation of higher-order moments that accounts for random instrumental noise. This method was successfully used not only to investigate higher-order moments of water vapour DIAL but also with water vapour Raman lidar data Turner et al. 2014) , and with Doppler lidar data for vertical velocity Hogan et al. 2009; Lenschow et al. 2012; Wulfmeyer et al. 2015) . More recently, temperature higher-order moments were estimated using rotational Raman lidar data . We follow Lenschow et al. (2000) for resolving the turbulent moments of humidity and for estimating instrument noise errors. A detailed description of this procedure is given in the above reference. First, humidity data were detrended using a linear fit at each height level to remove influences of large-scale advection, synoptic processes, and the diurnal cycle and to focus on turbulent fluctuations. Time series of humidity observations q were then averaged over the selected periods to obtain mean profilesq(z). Mean values were subtracted from the instantaneous humidity values q at each height to obtain the humidity fluctuations,
which include the uncorrelated system noise ε(z, t). It is important to remove the noise for accurate atmospheric measurements. The atmospheric variance σ 2 a was obtained from the total variance σ 2 t by determining and then subtracting the noise variance σ 2 n according to σ
The water vapour DIAL instrumental noise variance was estimated by autocovariance analyses of the high-resolution humidity time series data. The autocovariance at zero lag gives the sum of the atmospheric and noise variances. The random instrumental noise is uncorrelated with the atmospheric variance and, by extrapolating a fit to the autocovariance function at non-zero lags to lag zero, the atmospheric variance was obtained,
where τ is the time lag. According to Monin and Yaglom (1971) , the autocovariance function can be approximated by means of the structure function
if atmospheric turbulence is sufficiently resolved Wulfmeyer et al. 2010) . Here, C is a scaling parameter, which is related to the turbulent kinetic energy dissipation rate and the rate of the molecular destruction of humidity variance . Using both Eqs. 3 and 4, the variance and noise profiles can be derived simultaneously.
Following the notation that angular brackets denote time averaging and using q a for the atmospheric humidity fluctuation, we thus obtained the atmospheric humidity variance,
The extrapolation of M 11 to lag zero using the structure function provides a reasonable estimation of the noise variance. It is important to determine the effective number of data points needed for the extrapolation, because too many data points cause a systematic underestimation of the atmospheric variance and vice versa. In our study, a 20-point extrapolation was used for the linear extrapolation and fit of the structure function. This is a reasonable approach because the first zero crossing of the autocovariance function τ 0 = 2.5 , where is the integral scale Wulfmeyer et al. 2015 ),
The integral scale is a measure of the typical energy-containing eddy size in the temporal domain. Thus, by comparing the temporal resolution of the water vapour DIAL measurements with the profile of the integral scale, we can determine whether the temporal resolution is high enough to resolve the major part of the turbulent fluctuations. This was the case during both IOPs (see Sects. 5 and 6). Furthermore, we can determine whether the number of lags is reasonable for the fit of the structure function because this number should not exceed 2.5 , which was also confirmed in our analyses. The determination of is also essential to quantify the uncertainty due to limited sampling of the ensemble of turbulent fluctuations (Lenschow et al. 1994) . Relationships between and sampling errors of higher-order moments can be found in Lenschow et al. (1994 Lenschow et al. ( , 2000 with further refinements by Wulfmeyer et al. (2015) and were routinely applied in our data analysis tools as well. Similarly, the third-order moment (TOM) and the fourth-order moment (FOM) and their noise errors were computed following Lenschow et al. (2000) and Wulfmeyer et al. (2010) as,
and
The same number of lags was used for the extrapolations; however, due to the unknown shape of higher-order structure functions, a linear fit was used.
Skewness and kurtosis were calculated by normalizing the TOM and FOM by the variance according to
The noise error for the accurate determination of atmospheric variance profiles is given by,
where N is the number of data points during the observational period . As can be seen from Eq. 11, the relative noise error for the atmospheric variance is proportional to the square root of the ratio of instrumental noise and atmospheric variances. This becomes important for the estimation of the higher-order moments such as the fourthorder moment where the instrument noise levels must be even lower for accurate kurtosis profiles.
Results
Comparisons of the averaged absolute humidity measured with the UHOH DIAL during the selected periods and the radiosonde data are shown in Fig. 5 . For IOP 5, both DIAL and radiosonde data show similar profile structures and magnitudes for absolute humidity. Good agreement is found up to the CBL top with differences smaller than 0.3 g m −3 at each altitude (Fig. 5a ). In addition, in the lower free troposphere above, the differences are smaller than 0.5 g m −3 . Such close agreements are not necessarily expected, mainly because the radiosonde profile is a line measurement, whereas the DIAL is a spatio-temporal average. For IOP 6 at 1100 UTC, a difference of 0.5 g m −3 is observed between DIAL and radiosonde data in the lower CBL (400-600 m). The differences were small in the middle of the CBL (600-1000 m) and increased up to 0.7 g m −3 in the interfacial layer. In the lower free troposphere above the CBL top, differences between DIAL and radiosonde data were up to 1.0 g m −3 . However, the structure of the absolute humidity profile is similar for both measurements.
The absolute humidity profile of the radiosonde at 0900 UTC for IOP 6 is also shown in Fig. 5b . An elevated humid layer was present between 1200 m and 1400 m above ground level (a.g.l.) approximately 2 h before the period selected for the case study (Fig. 2) . Between this elevated humid layer and the moist CBL below, a dry layer was found with a minimum humidity of 3.6 g m −3 at 1170 m AGL. By 1100 UTC, this dry layer and the elevated moist layer above had been entrained into the CBL. The mean DIAL profile at 1100 UTC shows that absolute humidity decreased from 7 to 6 g m −3 between 400 and 950 m. A sharp decrease by 1 g m −3 was observed from 950 to 1100 m. Around 1100-1200 m (near z i ), absolute humidity was found to be constant. Above z i , another decrease by 2 g m −3 was observed between 1200 and 1400 m. At the same-time, a maximum in the humidity profile was observed in the radiosonde data around 1200 m AGL. We believe that this absolute humidity structure influenced the higher-order moment profiles in the interfacial layer during IOP 6 (see Sect. 6). The absolute humidity gradient shows a minimum near the CBL top, as well as two maxima, one below and the other above the CBL top around 1100 and 1300 m, respectively.
Integral Scale
Integral time scale ( ) profiles were calculated using Eq. 6 and are shown for both IOPs in (Taylor 1938) , the integral length scale of the eddies can be estimated by multiplying with the corresponding horizontal wind speed at each height. This is valid if the mean CBL wind speed is large enough to advect the air mass through the laser beam at a time scale smaller than the eddy turnover time. The eddy turnover time for IOP 5 and IOP 6 was 1280 s and 805 s, respectively. Horizontal wind profiles from the radiosondes (Fig. 3d ) confirm the validity of Taylor's hypothesis for our case and are used here to estimate the integral length scale. The integral length scales normalized by the CBL depth for both IOPs are shown in Fig. 6b ; both profiles roughly show a decrease in eddy size from 0.3z i to 0.8z i and an increase in the interfacial layer. For IOP 5, integral length scale for the eddy size is around 1.0z i in the lower CBL and decreases to 0.3z i at the CBL top, whereas for IOP 6, it decreases from 0.4z i to 0.3z i . The integral length scale profiles show slightly larger values around 1.0 − 0.6z i in the middle of the CBL (0.3 − 0.5z i ) for IOP 5, compared to previous results of less than 0.4z i in the mid-CBL (Couvreux et al. 2005) . The decrease of integral length scale with height is similar to previous observations (Kiemle et al. 1997; Wulfmeyer et al. 2010; Turner et al. 2014) and LES results (de Roode et al. 2004) . Eddy size decreases with height mainly due to the entrainment of dry tropospheric air into the CBL (Couvreux et al. 2005) . The values for the integral time scale are indeed several times larger than the 10-s temporal resolution of the data used, which again confirms that the resolution is high enough to resolve the inertial subrange. 
Variance
The vertical profiles of humidity variance with noise and sampling errors for both IOPs are shown in Fig. 7 . In the middle of the CBL, between 0.3z i and 0.8z i , the variance is low for both IOPs with values <0.1 g 2 m −6 . An increase with height can be seen in the variance profiles for both IOPs in the CBL with a maximum in the interfacial layer. For IOP 5, the variance increases near z i to a maximum of about 0.39 ± 0.03 ± 0.05 g 2 m −6 . The first and the second error values here and in subsequent sections denote the sampling error and noise error, respectively (see Lenschow et al. 2000) . Interestingly, two peaks are observed in the interfacial layer for IOP 6: a small and broad peak of 0.18±0.03±0.01 g 2 m −6 around 0.95z i and a larger peak of 0.54 ± 0.10 ± 0.09 g 2 m −6 at 1.1z i . Variance in the lower CBL is larger for IOP 6 than for IOP 5. The increase of humidity variance in the CBL with a maximum in the interfacial layer found for IOP 5 can be considered as a typical profile, because it is similar to most cases found in the literature (e.g. Moeng and Wyngaard 1989) . However, the variance profile for IOP 6, with its two distinct peaks in the interfacial layer, is unusual.
Third-order Moment and Skewness
The third-order moment (TOM) profile measures the asymmetry in the eddy structure. The TOM profiles for IOP 5 and IOP 6 are shown in Fig. 8 . For IOP 5, the TOM profile shows val- . Near z i, , a change to positive values with a maximum TOM value of 0.24 ±0.03 ± 0.02 g 3 m −9 can be seen. In the lower free troposphere, the noise errors increase and TOM is not significantly different from zero. For IOP 6, the TOM profile shows values close to zero up to 0.8z i and a few slightly negative data points between 0.8z i and 0.95z i . Near z i , a positive peak similar to IOP 5 is found, but with much lower TOM values of only 0.07 ± 0.002 ±0.02 g 3 m −9 . A steep decrease is observed at 1.05z i , with TOM around −0.30 ± 0.10 ± 0.01 g 3 m −9 , followed by a sharp increase with a maximum of 0.54 ± 0.12 ± 0.10 g 3 m −9 at 1.1z i . Entrainment of dry downdrafts into the CBL is deeper for IOP 5 than or IOP 6 (Figs. 2, 3) . In summary, the differences between the two IOPs found in the variance profiles correspond to the character- istics of the TOM profiles: the variance peak of IOP 5 corresponds to a TOM minimum below and a TOM maximum above, while the two peaks of IOP 6 correspond to two minima and maxima. Furthermore, the maximum variance of each peak seems to be related to the value of the corresponding TOM peaks. Figure 9 shows the profile of skewness S for IOP 5 and IOP 6, respectively. For IOP 5, the skewness profile shows negative values with a minimum of −1.16 ± 0.15 ± 0.08 between 0.5z i and 0.8z i . At 1.1z i , the skewness profile becomes positive with a maximum S of 0.98 ± 0.25 ± 0.18. For IOP 6, the humidity skewness profile shows values close to zero in the CBL up to 0.6z i , decreasing to −0.56 ± 0.13 ± 0.15 at 0.9z i , and then changing their sign to positive near z i . Strongly positive values of up to 13.5 ± 4.3 ± 5.2 are observed in the interfacial layer. The transition of S from negative to positive is found close to z i for IOP 5, whereas it occurs at 0.93z i for IOP 6. A difference in absolute humidity of 2.3 and 2.8 g m −3 between the CBL and the lower free troposphere was found for IOP 5 and IOP 6, respectively. As the error of the variance adds to the error of TOM when computing S (see Eq. 9), the errors of the S profiles are larger than the errors in the TOM profiles, which makes it more difficult to identify positive and negative peaks. Figure 10 illustrates the findings described above with the distributions of the turbulent fluctuations at three selected heights during the two observation periods. The three height levels were chosen as follows: the first in the middle of the CBL, the second at the maximum negative value in the TOM profile below z i , and the third above z i , where the TOM profile has a positive peak. As expected, the distributions for both IOPs show clear differences between these three heights. In the middle of the CBL at 0.5z i , a strong and narrow peak is observed for both IOPs, corresponding to lower variance than at the heights above. In contrast, large variances are observed just below the CBL top at around 0.9z i . Furthermore, the distributions here are left-skewed (negative TOM) with fewer, but stronger, negative fluctuations and more, but weaker, positive fluctuations. One can identify, however, that S is much smaller for IOP 5 (negative peak; thus larger in terms of absolute value) than for IOP 6, where it is close to zero. Above the CBL top, where positive TOM values are present, right-skewed distributions are observed. 
Fourth-order Moment and Kurtosis
Analyses of the fourth-order moment (FOM) are only possible if the system noise level is very low. The FOM profiles for both IOPs are shown in Fig. 11 . Results show that FOM increases with height in the CBL and maximum values are found in the interfacial layer. In case of IOP 5, a maximum FOM of 2.1 ± 0.86 ±0.13 g 4 m −12 at 1.03z i was observed, whereas for IOP 6, there were two maxima at 1.01z i and 1.06z i with 1.07 ± 0.30 ± 0.01 g 4 m −12 and 2.12 ± 0.90 ± 0.01 g 4 m −12 , respectively. Again, these features correspond to the structures of the variance profiles.
Kurtosis (K ) is a measure of the peakedness of the distribution, with a K value of three representing a Gaussian distribution. In addition, for turbulence studies, K values of less than three indicate that turbulence is frequent and the degree of mixing is large. Vertical profiles for K are shown in Fig. 12 . For IOP 5, K values in the CBL are around three, which is the kurtosis value of a mesokurtic (Gaussian) distribution. For IOP 6, K values in the CBL are smaller than for IOP 5, with values of about two. Thus, the distributions are slightly platykurtic (K < 3) for IOP 6 and show broader peaks but fewer large fluctuations. In the interfacial layer, K values increase for both IOPs, which shows that the distributions of the turbulent humidity fluctuations are leptokurtic (K > 3). Above 1.0z i , the noise of the K profiles increases, because humidity is much lower in the free troposphere than in the CBL. Hence, no reliable estimates of kurtosis are possible above z i . Similar to TOM and S values, the noise of the variance profile increases the noise for the K values compared to FOM values, so that the height dependence is better seen in the FOM profile than in the K profile. 
Discussion
As we chose clear-sky days for our analyses, surface forcing was significant during both IOPs. Due to differences in soil moisture, flux partitioning was different for both cases. The mean surface sensible heat flux during the observation period was 36 % higher during IOP 5 (250 W m −2 ) than during IOP 6 (184 W m −2 ). The latent heat flux at the ground showed the opposite behaviour and was 2.3 times larger during IOP 6 (210 W m −2 ) than during IOP 5 (90 W m −2 ). Related to the differences in sensible heat flux, the mean CBL height during local noon was about 100 m higher during IOP 5 (1295 m) than during IOP 6 (1200 m). At the CBL top, similar decreases of 2.3 and 2.8 g m −3 (corresponding to a 22 % difference) were found in the absolute humidity profiles for IOP 5 and 6, respectively. In the following paragraphs, we discuss whether these differences in the characteristics of the boundary layer influence the results of the turbulence analysis of the moisture fluctuations.
Because the detailed values of the integral length scale depend on the horizontal wind, these scales cannot be readily compared between different studies; however, the profile shapes can be compared. The integral time scales ( ) show similar values for both cases. The profiles for both IOPs show a decreasing trend from 0.4z i up to 0.9z i . Such a decrease has already been described in previous studies based on observations (Kiemle et al. 1997; Lenschow et al. 2000; Wulfmeyer et al. 2010 ) and on LES (Couvreux et al. 2005) . The reason for the existence of this structure is that eddy size decreases with height from the middle CBL towards the CBL top due to a loss of buoyancy and entrainment of dry air.
Variance is found to be at a maximum in the interfacial layer for both cases discussed here. Similar to the integral time scale profile, the increase of humidity variance in the CBL with a maximum in the interfacial layer has already been discussed in previous studies, either based on LES (Deardorff 1974; Moeng and Wyngaard 1984; Sullivan et al. 1998; Moene et al. 2006; Couvreux et al. 2007 ) or on observations (Kiemle et al. 1997; Lenschow et al. 2000; Wulfmeyer et al. 2010 ). However, with our instruments, the increase of variance can be measured with unprecedented accuracy for a remote sensing system (see Fig. 7 ). The reason for the variance maximum in the interfacial layer is that the dry air from the lower free troposphere is mixed here most dominantly with the moist CBL air. Wind shear can also contribute to the variance production at z i (Jiang et al. 2010) . Wind shear was present at z i for both our cases, and thus we believe that this effect was similar for both IOPs.
For IOP 6, however, we found two variance peaks at the CBL top. As revealed by the radiosonde profiles of 0900 UTC and 1100 UTC and by the DIAL measurements, an elevated moist layer above a dry layer was entrained into the CBL during this IOP. This process seems to be responsible for the differences found in the higher-order-moment profiles. The double-layer humidity profile present during IOP 6 resulted in two gradients, one of 0.0091 g m −3 m −1 at 0.95z i and the other of 0.014 g m −3 m −1 at 1.0z i . A smaller variance peak of 0.18 ± 0.03 ± 0.01 g 2 m −6 was found for the small gradient at 0.95z i , while a larger variance peak of 0.54 ± 0.10 ± 0.09 g 2 m −6 was found at 1.1z i , where the larger gradient was present (Fig. 5) .
Previously, a secondary maximum in the variance profile was discussed based on LES of trapped waves in the inversion layer (Deardorff 1974; Moeng and Wyngaard 1984) . Moderate to strong wind shear could result in wave activity at the CBL top, but we see no indication of waves for either of our cases, neither in the time-height cross-sections of humidity nor in the range-corrected offline backscatter signals (figures not shown). Thus, we conclude that the entrainment of an elevated moist layer into the CBL explains the unusual variance profile of IOP 6.
The profiles of third-order moment and skewness S are related to the structures found in the variance profiles. The third-order moment profile for IOP 5 shows a negative and a positive peak below and above the CBL top, respectively. This is due to the asymmetry in the fluctuations, namely a few very dry but many slightly moist fluctuations in the upper CBL due to dry air entrainment. At the same time, there is an opposite asymmetry in the lower free troposphere above with a few very moist but many slightly dry fluctuations due to overshooting thermals. Some previous studies have reported on this typical humidity skewness profile in the CBL (Mahrt 1991; Weckwerth et al. 1996; Couvreux et al. 2005 Couvreux et al. , 2007 Turner et al. 2014) . Mahrt (1991) highlighted the fact that the signs of TOM and skewness (which are the same) are positive when the surface moisture flux is larger than the flux generated at the CBL top (in the opposite case, both are negative). Thus, the mean moisture tendency in the boundary layer, namely moistening or entrainment-drying, is related to the signs of skewness and TOM. Furthermore, the strength of this tendency can be related to the absolute skewness values.
For IOP 5, a negative skewness of about −1 was found inside the CBL, which reflects an entrainment drying boundary layer. For IOP 6, lower skewness values were found (zero in the middle of the CBL and about −0.5 in the upper CBL). Thus, the moisture tendency for IOP was weaker. Indeed, the latent heat flux at the surface was much higher for IOP 6 than for IOP 5. Furthermore, the entrainment fluxes at the CBL top were either similar for both cases (as the moisture gradients at the CBL top were similar) or larger for IOP 5. The latter interpretation is supported by the difference in the variance profiles of both cases in the upper CBL. Here, the variances are significantly larger for IOP 5 than for IOP 6, related to a likely larger transport of moisture variance deeper downward into the CBL and thus larger upward latent heat flux. In summary, IOP 5 presents a case for an entrainment-drying boundary layer, while IOP 6 is a case for a CBL without much moisture tendency that is neither drying nor moistening but for which the latent heat flux generated at the surface is transported upward and balanced by the entrainment of dry air at the interfacial layer.
Precise low-noise measurements in the CBL are needed for reliable estimates of the fourth-order moment and kurtosis Wulfmeyer et al. 2010) . Here, as shown in our case study, high power ground-based DIAL offers such humidity data up to the interfacial layer. Fourth-order moment values near zero were observed up to the mid-CBL, but a steep increase is found in the interfacial layer for both cases. To the best of our knowledge, previous results on humidity fourth-order moment were only shown by Lenschow et al. (2000) over a marine CBL. A similar profile was reported by these authors with an increase in the interfacial layer. The sub-structure of the FOM profiles followed the variance profiles found in both cases: the distributions become leptokurtic at the heights of variance peaks. In the middle CBL, Lenschow et al. (2000) found a mesokurtic distribution; we found the same for IOP 5, whereas for IOP 6, a slightly platykurtic distribution was found. This confirms that a mesokurtic distribution can be considered typical for an entrainment-drying CBL. Furthermore, it seems that the slightly platykurtic distribution of IOP 6 represents a CBL without moisture tendency.
Conclusions
Turbulent humidity fluctuations in the CBL including the interfacial layer were investigated by deriving the higher-order moments from UHOH DIAL data collected during the HOPE campaign. Two periods around noon under clear-sky conditions were identified and reliable profiles of up to the fourth-order moment were obtained for humidity with unprecedented precision. This permitted a very accurate measurement of the variance profile gradient from the mixed layer to the interfacial layer.
The integral-time-scale profiles show a decrease towards the top of the CBL, with values between 60 and 130 s in both cases. Variance was found to be at a maximum in the interfacial layer for both cases but, while one peak is present for IOP 5, two maxima can be observed for IOP 6. We believe that the presence of two maxima for IOP 6 is due to the presence of an elevated humid layer in the lower troposphere that was entrained into the CBL. Larger variance was found in the interfacial layer, when a larger humidity gradient at the CBL top existed. Similarity relationships suggest a dependence on other CBL characteristics and we suggest that future validation studies include these additional variables .
These relationships, if validated with new observations, will be very important components of improved turbulent parametrization schemes and for advanced comparisons with LES.
Significant differences are present in the TOM and S profiles for both cases. The TOM profiles show a negative and a positive peak below and above each variance maximum. For IOP 5, negative S values occur in the middle of the CBL, which indicates that the CBL is drying by entrainment. Near-zero S was found in the middle of the CBL for IOP 6. Thus, we conclude that, in this case, the CBL humidity budget was in balance between the latent heat flux at the surface and the entrainment flux at the interfacial layer. For both cases, nearly zero FOM was observed in the CBL but a steep increase was found in the interfacial layer. The sub-structure of the FOM profiles again follows the variance profiles. The distributions become leptokurtic in the heights of variance peaks. The mesokurtic distribution found for IOP 5 may be typical of an entrainment-drying CBL, while the slightly platykurtic distribution of IOP 6 may be representative of a CBL where strong surface evaporation is balanced by entrainment.
These results demonstrate that high-resolution humidity data obtained with the UHOH DIAL provide new insights into the turbulence structure in the CBL and interfacial layer. The importance of subgrid-scale variability of humidity transport between the CBL and cloud layers for improving cloud-resolving model outputs was recently discussed by Moeng and Arakawa (2012) .
